Biocompatible electrochemical devices are challenging to develop due to the toxicity of many advanced electrode materials and the difficulty to degrade the discarded material. Few recent advances were made in the synthesis of conducting biodegradable composites of polymers for electrode materials. In this article we describe the synthesis of two new inorganic/organic nanocomposites of Au nanoparticles and conducting polymers based on the biodegradable polymer poly(D,L-lactic acid) (PDLLA): Au nanoparticles/oligomers of 3,4-ethylenedioxythiophene (EDOT)-PDLLA and Au nanoparticles with poly(3,4-ethylenedioxythiophene) (PEDOT)-PDLLA. The nanocomposites were carefully analyzed; the gold nanoparticles mean sizes were 8 ± 3 and 7 ± 2 nm, respectively. .
Introduction
Nanomaterials have wide-range implications to a variety of areas, including chemistry, physics, electronics, optics, materials science, and the biomedical sciences. 1 Applications include their use in electronic, optical, and mechanical devices, 2-5 drug delivery, 6, 7 and bioencapsulation. 8 Poly(3,4-ethylenedioxythiophene), or PEDOT, is an organic electronic-conducting polymer (these polymers are hereafter called conducting polymers), which is widely used in electrochemical devices, solar cells and molecular electronic devices, being currently the most used conducting polymer worldwide. 9, 10 Among the noble metals used as nanoparticles to form composites of interest with conducting polymers, the most used is gold. The exceptional electric conductivity of gold and its stability are some of the reasons. 11 Metal nanoparticles in general are much less stable than the corresponding bulk phases. Atomic scale layers of metallic oxides are formed in the surface of Ag, Cu and Pd nanoparticles depending on the reaction media. Nanocomposites of gold nanoparticles with PEDOT have been deeply studied as electrochromic layer for electrochromic devices. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] A relatively new class of materials are the biodegradable conducting polymers with biocompatible properties suitable for biomedical applications in living cells, bacteria and live organisms. 26 Several polymers combinations and inorganic/organic composites have been synthesized and described for this purpose. Boutry et al. 27 prepared the composites of poly(D,L-lactic acid) (PDLLA) with polypyrrole (PPy), and poly(caprolactones) (PCL) with PPy, and investigated their properties. PDLLA and PCL are both polyesters, polymers easily degradable by microorganisms or hydrolysis, which attack the ester bonds. Polyesters are also usually biocompatible because their monomer contents are based on organic acids common in living body. This strategy allowed obtaining a synergic, high-conducting material. Kuang et al. 28 developed a composite of carbon nanotubes and PDLLA. Yet, Xu et al. 29 synthesized polyurethanes with 1S-(+)-10-camphorsulfonic acid. The polyurethanes presented great elasticity and feasible conductivity when 30 prepared a material of palladium nanoparticles/ethylenediamine-functionalized cellulose/carbon-based paste, which showed catalytic activity for the hydrogen production. Mondal and Sharma 31 described the preparation of a nanoblend of poly(butylene-adipate-co-terephthalate) with PPy by electrospinning. The blend is hydrophilic, biocompatible and conducting. All presented works used more than one polymer or component, being one of them a π-conjugated polymer on the final material or composite.
Gold Nanoparticles and [PEDOT-Poly(D,L-Lactic
For biomedical applications, conducting polymers usually present some advantages towards metals and semiconductors in terms of biocompatibility, but modification strategies are usually required to improve them when thinking in a device. 32 Recently, it was reported by our group the synthesis of a new electroactive macromonomer of 3,4-ethylenedioxythiophene (EDOT)-PDLLA, 33 which can play an important role in the synthesis of different conducting and biodegradable materials based on PEDOT and PDLLA chemistry. The polymerization of this electroactive macromonomer was tried by electrochemical methods, but (i) only oligomers were formed due to the high solubility in organic solvents, and (ii) no electroactive properties were found. Additionally, the chemical synthesis of a new PEDOT-co-PDLLA copolymer 34 with conductivity, biodegradability and noncytotoxicity properties tested for embryonic stem cells (E14.tg2a) was reported by using the electroactive macromonomer.
The challenges on the development of biomaterials with electroactivity for biosensing or to be applied in a biointerface are (i) the lack of biocompatibility of inorganic/ organic composites; (ii) to immobilize films simply and efficiently on the substrates and (iii) the electrochemical stability. In this context, the gold nanoparticles are emerging as a promising candidate in nanomedicine due to its own biocompatible properties. [35] [36] [37] In addition, the PDLLA has generally appeared to display a superior biocompatibility, being suitable for biomaterial devices. 38, 39 In the present study, it was reported the synthesis of two novel conducting biodegradable polymerbased nanocomposites loaded with gold nanoparticles:
The Au/o-EDOT-PDLLA nanocomposite presents gold nanoparticles in a matrix of EDOT-PDLLA oligomers, but does not presented enough π-conjugation for electroactive properties, while the Au/PEDOT-PDLLA nanocomposite was further oxidized (increasing the π-conjugated chain and achieving conductivity) and it was investigated as an electrochemical sensor for hydrogen peroxide analysis. The first step of the synthesis was to obtain an electroactive macromonomer of EDOT-PDLLA, which was developed in our previous study 34 ( Figure 1a) The second step was to obtain Au/o-EDOT-PDLLA nanocomposite by modifying the previously reported route 40 ( Figure 1b) . Briefly, 10 µL of EDOT-PDLLA was added to 10 mL of acetonitrile solution containing 0.01% m/v NaPSS. The solution was stirred and 250 µL of HAuCl 4 aqueous solution (1 mmol L -1 ) was added slowly, maintaining the stirring for 24 h. After the period, the dispersion turns into light purple color, thus the Au/o-EDOT-PDLLA nanocomposite was followed by UV-Vis spectroscopy (HP8453 diode array spectrophotometer, Hewlett Packard) (Figure 2a ).
Experimental

Chemicals
The third step aimed at obtaining Au/PEDOT-PDLLA nanocomposite ( Figure 1c ) based on the oxidation of EDOT-PDLLA oligomers by a stronger oxidant agent (K 2 S 2 O 8 ). It was added 125 mg of potassium persulfate (excess) to the same pot of the second step and kept stirring under room temperature for 24 h. The ammonium persulfate is insoluble in acetonitrile, thus after the period the ammonium persulfate decantated and only the soluble part was used containing the Au/PEDOT-PDLLA nanocomposite.
Characterization of the Au/PEDOT-PDLLA nanocomposites UV-Vis-NIR (near infrared) spectrophotometry was performed with an HP8453 spectrophotometer from Hewlett Packard and quartz and/or plastic optical cuvettes.
1 H NMR spectra were recorded on a Bruker AIII 500 MHz spectrometer. Chloroform-d (CDCl 3 ) was used as solvent and tetramethylsilane (TMS) served as the internal standard.
Raman microscopies were performed with a Renishaw inVia Raman microscope with a Renishaw red laser of 636 nm wavelength.
Transmission electron microscopy (TEM) was performed with a JEOL JEM-2100 microscope (end point detection (EPD) of acceleration = 200 kV, LaB 6 filament) coupled with a silicon drift-type X-MaxN 80T energy dispersion spectra (EDS) from Oxford Instruments, controlled by software AZtec INCA, and with a JEOL JEM-3010 (EPD of acceleration = 300 kV) and copper/carbon films TEM grids (diameter (d) = 3 mm, 400 mesh, from Ted Pella) were used. For the size particle analysis, it was used more than ten different images at different scales (20, 10 and 5 nm) for each nanocomposite and it was processed by using ImageJ 41 and OriginLab 2018 software. 42 
Electrochemical methods
The electrochemical experiments were performed with the bipotentiostat PGSTAT 302N and with the multipotentiostat M101 from Metrohm Autolab, controlled by software NOVA 2.1 from Metrohm Autolab.
Glassy carbon electrodes (GCE) with d = 3 mm (area = 7.07 mm 2 , from BASi) with polytetrafluoroethylene (PTFE) bodies were used as working electrodes. Prior to use the GCE were polished in a polishing machine, with suspensions of 1000, 500 and 300 nm size alumina nanoparticles. The electrodes were immersed in HCl ) electrode (from BASi) were used as counter and reference electrodes, respectively.
The immobilization of Au/PEDOT-PDLLA nanocomposite over GCE was performed by casting. First, 1 mL of the reaction suspensions were centrifuged in Eppendorf flasks in an appropriate centrifuge at 13400 rpm for 30 min, in order to precipitate the nanoparticles. The supernatants were discarded, 1 mL DMSO was added and the suspensions were sonicated in an ultrasound bath for the time necessary to resuspend the Au/PEDOT-PDLLA nanocomposite in DMSO that finally was drop casted onto GCE electrode surface.
For the electrochemical experiments with GCE, N 2(g) was bubbled in the electrolytes for at least 15 min to deoxygenate the solution and N 2(g) atmosphere was kept above it during the experiments.
Results and Discussion
Synthesis of the Au/PEDOT-PDLLA nanocomposites
The one-pot synthesis of two different proposed n a n o c o m p o s i t e s o f A u / o -E D OT-P D L L A a n d Au/PEDOT-PDLLA is presented in Figure 1 .
The first step of the one-pot synthesis of a modified electroactive macromonomer based on EDOT-PDLLA was developed by our group 33 ( Figure 1a) . Herein, we decided to use the organometallic catalyst for the synthesis in order to obtain a higher molecular weight of the PDLLA chain, aiming better final properties in terms of processability (ease in obtaining films by spin coating and solubility in organic solvents). In our previous study, 33 it was found that EDOT-PDLLA can be electropolymerized, but only a few oligomers can be obtained, with no adhesion to the electrode surface, probably due to the increased solubility in organic solvent of the PDLLA part.
The second step of synthesis of the nanocomposite of Au/o-EDOT-PDLLA was obtained based on a modification of route proposed previously by Augusto et al., 40 as shown in Figure 1b The third step of synthesis is the obtaining of Au/PEDOT-PDLLA nanocomposite, presented in Figure 1c . In this case, it was used persulfate (S 2 O 8 2-, E 0 = +2.010 V versus standard hydrogen electrode (SHE)) 43 as oxidant agent, which is stronger than AuCl 4 -(E 0 = +1.002 V versus SHE), 43 to effectively form PEDOT by further oxidation of the EDOT oligomers and enhance the electrical properties of the nanocomposite. Afterwards the reaction media turns into a dark blue color, very characteristic of PEDOT. It is important to mention that a tiny amount of Au nanoparticles is also oxidized to Au 3+ again, resulting in smaller nanoparticle size after the reaction, supported by TEM images and histogram of particle size analysis on Figure 3 . Figure 1e corresponds to the representation of the Au/PEDOT-PDLLA nanocomposite film with a matrix of PEDOT-PDLLA/PSS loaded with smaller Au nanoparticles.
Spectroscopic characterization of Au/PEDOT-PDLLA nanocomposites
The UV-visible spectroscopy was used to follow the second and third steps of the experimental procedure, as presented in Figure 2 . Figure 2a shows the UV-visible spectra for the second step reaction for the formations of Au/o-EDOT-PDLLA. It was possible to see a decrease in the band at 321 nm (related to consumption of the reagent Au 3+ ) with an increase in the band at 544 nm (attributed to surface plasmon resonance of the Au nanoparticles). 44 Figure 2b presents the final spectra of UV-visible absorption for the nanocomposites Au/o-EDOT-PDLLA and Au/PEDOT-PDLLA. It was possible to observe that for Au/PEDOT-PDLLA nanocomposite (dark blue color) it presents absorption throughout the entire spectrum due to the obtaining of conjugated chains of PEDOT, and the surface plasmon resonance band characteristic for the Au nanoparticles is not clearly observed when compared to the Au/o-EDOT-PDLLA nanocomposite spectrum.
The 1 H NMR and Raman spectroscopies were used to characterize the nanocomposite formation, as presented in Figure 4 . Figure 4a shows 1 H NMR spectrum of the electroactive macromonomer of EDOT-PDLLA (in black), the pure PEDOT-co-PDLLA (in blue) and Au/o-EDOT-PDLLA (in pink). The multiplets at 5.15 and 1.50 ppm are attributed to the CH and CH 3 of the PDLLA chain, respectively. The singlet in 6.36 ppm corresponds to hydrogen electropolymerizable on thiophene group (vicinal to sulfur) and it is well defined for EDOT-PDLLA, 33 while for PEDOT-co-PDLLA spectrum (blue) it is weaker and there are some shift to higher chemical shifts as a multiplet due to the different PEDOT chain lengths. For the Au/o-EDOT-PDLLA spectrum the same signal is very weak and looks like a multiplet, suggesting the oligomerization of EDOT-PDLLA. Additionally, at the region of 3.95-4.45 ppm it was possible to see a welldefined singlet at 4.20 ppm for the PEDOT-co-PDLLA spectrum, which corresponds to the hydrogens close to ethylenedioxy group on PEDOT chains which is not present on EDOT-PDLLA (black) because the modified EDOT-CH 2 -OH have substituents on ethylenedioxy group leading for three multiplet-like signals in the same region, 33 but the Au/o-EDOT-PDLLA nanocomposite (pink) presents a multiplet stronger and shifted to a lower chemical shift values, reinforcing the idea of oligomerization of EDOT-PDLLA. Figure 4b presents Raman spectra of Au/PEDOT-PDLLA nanocomposite film covering GCE (top), pure Au/PEDOT-PDLLA nanocomposite (middle) and PEDOT-PSS (bottom). Table 1 presents the assigned bands of spectra in Figure 4b . The PEDOT presents the main band in 1426-1453 cm −1 corresponding to the symmetrical stretching of C2=C3 and C4=C5 bonds of thiophene groups (sulfur is always C1, as shown in Figure 5 ) 45 and it is characteristic of oxidized bipolaron of PEDOT structure which is present for all spectra, excepting the Au/o-EDOT-PDLLA spectrum. PEDOT in the neutral state shows Raman resonant effect with 525 nm laser, while oxidized PEDOT presents Raman resonant effect with 1064 nm laser. [47] [48] [49] [50] [51] The spectra demonstrate that PEDOTs are present in the samples and that PEDOT-PDLLA is electronically similar to PEDOT, even when the film is formed onto a GCE.
Transmission electron microscopy analysis of the Au/PEDOT-PDLLA nanocomposites
The Au/o-EDOT-PDLLA and Au/PEDOT-PDLLA nanocomposites were analyzed by transmission electron microscopy (TEM) as shown in Figure 3 . Figure 3 shows the Au nanoparticles appearing in black, while the polymer around is lighter (grey). It was possible to observe for the Au/o-EDOT-PDLLA (Figure 3c ) a higher amount of Au nanoparticles within 9.3 ± 4.7 nm size, while for Au/PEDOT-PDLLA there is lower number of nanoparticles, although they are a bit smaller and presented lower dispersity, 8.9 ± 2.5 nm (Figure 3f ). However, it was expected, from the route synthesis, once adding persulfate to oxide the EDOT-PDLLA oligomers, the Au nanoparticles should be also partially oxidized, dissolving the Au nanoparticles.
A further investigation on TEM images were the acquisition of EDS spectra, as shown in Figure 6 . Figure 6 shows the energy dispersion X-ray fluorescence spectra in different spots, Au nanoparticle or polymeric matrix, for Au/o-EDOT-PDLLA and Au/PEDOT-PDLLA nanocomposites. Several images and spots were analyzed; hence not big differences were noticed between spectra for the same type of spot. The C and Cu signals on the energy dispersion spectra are related to the Cu/C grid and the O signals is not clearly identified from the sample, environment or template, so it was not analyzed. The energy dispersion spectra for Au/o-EDOT-PDLLA ( Figure 6B ) presents signals for Au nanoparticles at 1.65, 2.14, 9.73 and 11.45 keV. A more relevant signal for the polymeric spots was the S at 2.32 keV, which is related to the thiophene groups, being stronger for the Au/PEDOT-PDLLA ( Figure 6D ) than Au/o-EDOT-PDLLA, which evidences the PEDOT formation with more thiophene groups. Additionally, the Au signals are stronger on Au/o-EDOT-PDLLA spectra, indicating the oxidation of Bands: 1: symmetric stretching C2=C3 for PEDOT doped; 2: asymmetrical stretching C2=C3; 3: symmetrical bending C5-S1-C2; 4: oxyethylene ring bending; 5 and 6: asymmetric stretching C2=C3; 7: C2=C3 stretching; 8: interring stretching; 9 and 10: C-O-C bending; 11: from contaminant. 45, 46 GCE: glassy carbon electrode; PEDOT-PDLLA: poly(3,4-ethylenedioxythiophene)-poly(D,L-lactic acid); PSS: poly(styrenesulfonate).
Figure 5.
Atom labels for all EDOT-derived compounds in this article.
Au nanoparticles by persulfate in the third synthesis step. One-layer film of the Au/PEDOT-PDLLA nanocomposite was deposited onto a GCE and the morphology of the nanocomposite was investigated by scanning electron microscopy ( Figure S1 , Supplementary Information section). It was possible to observe the film uniformly covering the GCE and presenting a globular structure with some brighter spots, apparently related to the Au nanoparticles and its aggregates.
Electrochemical characterization of the Au/PEDOT-PDLLA nanocomposites for H 2 O 2 sensing After spectroscopic and physical characterization, the Au/PEDOT-PDLLA nanocomposite was studied as an electrochemical sensor for the reduction of hydrogen peroxide. In alkaline medium, H 2 O 2(aq) can be electrochemically reduced to OH − (aq) through the following reaction:
Applying a negative potential to the working electrode it is possible to promote the reaction in equation 1. For a better understanding of the electrochemical behavior of the Au/PEDOT-PDLLA nanocomposite, 5 layers (optimized number, Figure 7a ) of the nanocomposite were deposited over a GCE and cyclic voltammetries were performed increasing H 2 O 2 concentration from 1-43 mmol L -1 , as shown in Figure 7b . Figure 7 shows the j / E cyclic voltammograms of the Au/PEDOT-PDLLA nanocomposite. It is possible to observe the higher current response is obtained for 5 layers of the Au/PEDOT-PDLLA nanocomposite (Figure 7a ). The 5 layers film Au/PEDOT-PDLLA nanocomposite deposited onto GCE in presence of increasing concentrations of H 2 O 2 ( Figure 7b ) presented a good response to H 2 O 2 reduction in a wide range of electric potential, thus it was selected -0.312 V versus Ag/AgCl/KCl (sat) for analytical purposes in order to avoid side reactions.
Chronoamperometric experiments with different additions of H 2 O 2 were performed for the film of Au/PEDOT-PDLLA nanocomposite deposited on glassy carbon, as observed in Figure 8 . . Table 2 was used to compare the performance of GCE/Au/PEDOT-PDLLA to other PEDOT/nanoparticlesbased amperometric sensors for H 2 O 2(aq) described in the literature.
A usual way to decrease the energy necessary for H 2 O 2 detection is immobilizing a mediator in the sensor, such as Prussian Blue (PB), 59 copper hexacyanoferrate, 55 hemoglobin (Hb), 57 among others. The sensor based on GCE/Au/PEDOT-PDLLA can be applied for H 2 O 2 detection at -300 mV without adding any kind of mediator, at a potential used by similar sensors, 60 while there are some PEDOT-based sensors which can operate only at negative higher (in module) potentials (around −500 mV). 52, 53 The advantage of working in a more negative potential is that there are no redox reactions occurring simultaneously, such as oxidation of uric acid, ascorbic acid and dopamine (usually present in real samples). This contributes to a better selectivity of the H 2 O 2 sensor.
The advantage on using PDLLA on the Au/PEDOT-PDLLA nanocomposite is the biocompatibility and biodegradability; when thinking in sensors and biosensors for diagnosis analysis its properties are very desirable. In addition, it contributes for a better solubility in organic solvents becoming easy the processability of the nanocomposite. The presented approaches (Table 2 ) need more complicated methods for immobilization of the nanocomposites, such as using Nafion immobilization over the sensor, 54 physical adsorption (usually with bad adhesion to substrates) 60 or electrodeposition. 53, [55] [56] [57] [58] [59] The sensors proposed by Lin et al. 53 (carbon nanotubes), Chen et al. 57 (nanowhiskers of PEDOT) and Nabid et al. 60 (nanofibers of PEDOT) present a great effect of surface area, influencing the detection limit and the sensitivity. Even though, the GCE/Au/PEDOT-PDLLA sensor presents a very high sensitivity (8.36 × 10 −3 A mol −1 L cm −2 ) when compared to other sensors (Table 2) , while the more sensitive needs to apply more energy for sensing (-550 mV). Furthermore, the GCE/Au/PEDOT-PDLLA sensor presented a huge linear range reaching almost two decades (1.0 × 10 −3 to 4.5 × 10 −2 mol), being suitable for relatively high concentrations. The wide detection range of the Au/PEDOT-PDLLA nanocomposite is probably related to the stable films formed through the PDLLA interaction with the small Au nanoparticles (< 10 nm) well connected to the PEDOT chains, enhancing its own electronic stability.
Conclusions
The synthesis of two novel conducting biodegradable polymer-based nanocomposites loaded with gold nanoparticles, Au/o-EDOT-PDLLA and Au/PEDOT-PDLLA nanocomposites, was presented.
The Au/o-EDOT-PDLLA nanocomposite presented the formation of Au nanoparticles with 8 ± 3 nm size followed by UV-visible spectroscopy and the oligomers of EDOT-PDLLA were confirmed by 1 H NMR spectra. No conductivity was observed for the o-EDOT-PDLLA, but it still can be useful for optical application (e.g., plasmonic effects).
The Au/PEDOT-PDLLA nanocomposite presented Au nanoparticles smaller than in the oligomers, with 7 ± 2 nm size, and the polymerization of PEDOT-PDLLA was confirmed by Raman spectroscopy. The nanocomposite formed films with organic solvents and its electrochemical behavior was optimized by cyclic voltammetry.
The film of Au/PEDOT-PDLLA nanocomposite was evaluated towards a hydrogen peroxide reduction reaction and is a promissory material for sensing because it presented a huge linear range (almost 2 decades) with sensitivity of 8.36 × 10 −3 A mol −1 L cm −2 , suitable for application at mmol L -1 range.
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